r Nicotine (NIC) modulates cognition and memory function by targeting the nicotinic ACh receptor and releasing different transmitter systems postsynaptically.
Introduction
Nicotine (NIC), the main component of tobacco, is not only an addictive substance, but also has relevant effects on cognitive functions. It improves working memory performance, episodic memory performance and motor functions (Hahn & Stolerman, 2002 , Heishman et al. 2010 Kumari et. al. 2003; Grundey et al. 2015) in both animals and humans. Conversely, NIC withdrawal in tobacco smokers is often associated with the deterioration of working and verbal memory and neuroplasticity, whereas NIC re-administration can restitute those withdrawal-dependent deficits (Jacobsen et al. 2005; Cole et al. 2010; Grundey et al. 2012a; 2012b) . The physiological foundation of these cognitive effects has begun to be revealed in recent years. The main targets of NIC are nicotinic ACh receptors (nAChRs) of which the α4β2 and the α7 receptors are predominantly located in the central nervous system (Wallace & Porter, 2011) . Both receptors serve as ligand-gated ion channels with an increase of calcium permeability and modulation of a wide diversity of transmitter pathways, including serotonin, dopamine, NMDA and GABA, by post-and presynaptic mechanisms (Burnashev, 1998; Daja-Bailador & Wonnacott, 2004) . They are involved in the induction and modulation of neuroplasticity (Levin & Simon, 1998; Lisman, 2001; Gotti & Clementi, 2004) by facilitating long-term potentiation (LTP) and reversal of GABAergic inhibition (Fujii et al. 2000; Matsuyama et al. 2000) . Because LTP is a relevant physiological basis for learning and memory formation (Rioult-Pedotti et al. 1998; Nakauchi et al. 2007) , the nicotinic activation of nAChR is considered to play an important role in the cognition-enhancing properties of NIC, presumably mainly via regulation of calcium permeability and neurotransmitter release (Huang et al. 2010) .
In humans, non-invasive brain stimulation protocols offer the opportunity to generate LTP-like and long-term depression (LTD)-like plasticity (Ziemann et al. 2008 ). Transcranial direct current stimulation (tDCS) and paired associative stimulation (PAS) allow the generation of long-lasting cortical excitability modifications that are both Ca 2+ and NMDA receptor-dependent (Nitsche & Paulus, 2000; 2001; Nitsche et al. 2003 , Stefan et al. 2000 Liebetanz et al. 2002; Nitsche et al. 2003b , Nitsche et al. 2003b , 2004a . Because tDCS affects neuronal populations non-selectively by subthreshold resting membrane potential modulation, it is assumed to induce non-focal plasticity . PAS, on the other hand, mainly affects synapses between motor and somatosensory neurons (Carson & Kennedy, 2013) and is thus assumed to induce focal, synapse-specific plasticity. Recent studies by our group have focused on the nicotinic and cholinergic impact on cortical neuroplasticity in healthy humans. Global cholinergic activation with rivastigmine (a cholinesterase inhibitor) produces a focusing effect with increased focal LTP-like plasticity induced by PAS and abolished non-focal tDCS-induced LTP-like plasticity (Kuo et al. 2007) , whereas LTD-like plasticity was prolonged and preserved by both focal and non-focal LTD-like plasticity induction procedures. This focusing effect on LTP-like plasticity might explain its beneficial impact on cognition. NIC, as an agonist of nicotinic ACh receptors, leads to similar results for LTP-like plasticity in non-smokers (Thirugnanasambandam et al. 2011; Grundey et al. 2012b) by abolishing tDCS-like plasticity. We assumed therefore that the nicotinic effects on neuroplasticity are controlled by nAChRs, specifically nAChRs with calcium channel properties. Accordingly, varenicline, a high-affinity partial agonist to α4β2 and full agonist to α7 receptors, has similar effects on tDCS and PAS-induced plasticity .
The present study aimed to further evaluate the mechanism of the focusing effect of NIC on neuroplasticity in humans, especially the contribution of calcium-dependent mechanisms. We speculate that the combination of NIC and excitatory anodal tDCS with a long and diffuse stimulation mechanism leads to a calcium overflow preventing the induction of non-focal, LTP-like plasticity by tDCS. Studies with dextrometorphan, an NMDA receptor antagonist, provide further evidence that calcium-dependency plays a major role in nicotinic effects on neuroplasticity (Lugon et al. 2017) . We therefore aimed to clarify the role of calcium ions in tDCS-induced excitatory changes by blocking specific calcium channels. For this reason, we combined anodal, non-focal facilitatory tDCS, with NIC and flunarizine (FLU), a non-selective calcium channel blocker. NIC alone has been shown to abolish tDCS-induced LTP-like plasticity in non-smokers. If these changes are the result of calcium overflow, the reduction of calcium concentration by administration of FLU should reverse these effects and re-establish plasticity under specific dosages. We hypothesized that blocking calcium receptors to different degrees would have non-linear effects on anodal tDCS-induced plasticity. Medium dosages of calcium-blockade would re-establish facilitatory plasticity because of a gradual diminution of calcium influx, whereas higher dosages might again abolish facilitatory plasticity because of a stronger diminution of calcium influx.
Methods
The experiments were approved by the Ethics Committee of the University of Göttingen and conformed with the standards set by the latest revision of the Declaration of Helsinki, except for registration in a database (nr. 24/6/15).
Participants
We conducted a power analysis (G * -Power 3.1; http://www.gpower.hhu.de) based on our former studies with nicotinic effects (effect sizes/Cohen's d between 1 and 1.05) and calculated a sample size of 12; thus, 12 healthy volunteers participated in this experiment (six males/six females). The mean ± SD age was 25.33 ± 3.3 years. Participants were right-handed according to the Edinburgh handedness inventory (Oldfield, 1971) and were recruited from a student population. Exclusion criteria were aged <18 years or >50 years, a current history of neurological or psychiatric disease, current or previous drug abuse, alcohol abuse, bronchial asthma or allergies to components in the NIC patch or FLU tablets, present pregnancy or metallic head implants. All subjects were non-smokers; none of them had smoked tobacco or even occasionally consumed NIC products for at least 5 years prior to the beginning of the study. All participants provided their written informed consent before participation.
tDCS
Direct current stimulation was administered by a battery-driven constant current stimulator (neuroConn GmbH, Ilmenau, Germany). The current was delivered through a pair of rubber electrodes covered with saline-soaked sponges (35 cm 2 ). The target electrode was placed over the primary motor cortex representing the right abductor digiti minimi muscle (ADM) and the return electrode over the contralateral supraorbital region. All subjects received 1 mA of anodal stimulation for 13 min combined with NIC patch plus placebo (PLC), NIC patch plus FLU (2.5 , 5 and 10 mg), FLU (2.5, 5 and 10 mg) plus PLC patch, or PLC (tablets and patch) alone (Fig. 1) . The stimulation intensity of 1 mA and duration (13 min) generates enhanced cortical excitability for ß60 min post-stimulation (Nitsche & Paulus, 2001; Nitsche et al. 2013a) . The experimental sessions were separated by an interval of at least 1 week.
Assessing motor cortex excitability
Single TMS pulses were delivered by a The course of the experiments. First, TMS intensity was adjusted to elicit MEP amplitudes of 1 mV (bl1). NIC patch or a PLC patch was administered. Four hours after patch administration, FLU (2.5, 5 or 10 mg)/PLC was ingested by the participants. Again, 2 h later, 25 MEPs were recorded at the adjusted baseline stimulus intensity (bl2/3). Then, anodal tDCS was administered followed by the immediate recording of 25 MEPs at 0, 5, 10, 15, 20, 25, 30, 60, 90, 120 and 240 min, as well as the next morning (nm) and the next evening (ne), after tDCS.
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of the motor-evoked potential (MEP). The TMS pulses were given at a frequency of 0.25 Hz with a figure of eight-shaped coil (diameter of one winding 70 mm; peak magnetic field 2.2 T). The coil was held tangentially to the scalp at an angle of 45°to the sagittal plane with the coil handle pointing laterally and posteriorly. This induced a posterior-anterior current flow that optimally activates the corticospinal system monosynaptically (Di Lazarro et al. 1998) . The optimal position was defined as the site where the stimulation resulted consistently in the largest MEPs. Surface EMG was recorded from the right ADM in a belly-tendon montage. The signals were filtered and amplified with a low-pass filter of 2.5 kHz and a time constant of 10 ms. Digitization was carried out at an analogue-to-digital rate of 5 kHz, and then signals were further relayed into a laboratory computer using the Signal software and CED 1401 hardware (Cambridge Electronic Design, Cambridge, UK). The intensity was adjusted to elicit, on average, baseline MEPs of 1 mV peak-to-peak amplitude. This TMS-intensity was kept constant throughout the experiment. Changes in mean MEP amplitude over time reflected alterations of cortical excitability in the primary motor cortex.
Pharmacological intervention
Each subject participated in eight sessions in a randomized order. NIC transdermal patches (Nicorette Depotpflaster; Pfizer, New York City, NY, USA; releasing 15 mg over 16 h) or PLC patches were applied to all subjects in combination with FLU (2.5, 5 or 10 mg) or PLC capsules under anodal tDCS. A NIC patch dosage of 15 mg has been shown to affect cognition, attention and working memory (Min et al. 2001; Wignall & de Wit, 2011; Grundey et al. 2015) and tDCS-and PAS-induced neuroplasticity in humans (Thirugnanasambandam et al. 2011; Grundey et al. 2012a; 2012b) . The patch was applied 6 h before the start of tDCS. This is the approximate time needed for the plasma level to reach its maximum following patch application (Nørregard et al. 1992) . To avoid nicotinic side-effects (dizziness, vomiting, diarrhoea, etc.), subjects also received 20 mg of domperidone, a peripheral-acting dopamine D2 receptor antagonist, if needed. It is assumed that the substance does not relevantly cross the blood-brain barrier (Barone, 1999) and it has shown no effects on motor cortical excitability at a dosage of 20 mg (Grundey et al. 2013) . FLU (Acis Arzneimittel GmbH; Grünwald, Germany) was administered in dosages of 2.5, 5 and 10 mg in different sessions of the experiments 2 h before tDCS. FLU is an L-type calcium channel antagonist that diminishes intracellular calcium levels, which is relevant for the induction of anodal tDCS-induced after-effects in humans (Nitsche et al. 2003) . A dosage of 10 mg of FLU has been shown to abolish tDCS-induced excitatory after-effects; thus, it has relevant effects on neuroplasticity. Maximum plasma levels are reached 2 h after oral intake (Holmes et al. 1984) .
Course of the experiment
First, we determined the TMS-evoked baseline MEPs before any pharmacological intervention. The subjects were seated in a reclined position in a comfortable chair with a head-and arm-rest (dentist chair). They were asked to relax completely. EMG electrodes were placed over the right ADM as described above and the exact position was marked with a pen. TMS was then applied over the left representational area of the right ADM to identify the spot with the consistently highest MEP amplitudes in the resting ADM ('hotspot'). The spot was also marked with a waterproof pen. TMS intensity was adjusted to elicit MEPs with a peak-to-peak amplitude averaging 1 mV. Twenty-five MEPs were then recorded at this stimulus intensity and the mean MEP amplitude was calculated as the baseline (baseline 1; bl1). A NIC patch/PLC patch was administered on the skin of the upper arm and remained there until the last measurement was accomplished the next evening. Four hours after application of the NIC patch, either FLU, at the dosages mentioned above, or PLC medication were administered. Two hours later, the baseline MEP amplitude was controlled (baseline 2; bl2) and, if needed, TMS intensity was adjusted to 1 mV (baseline 3; bl3). Subsequently, the anodal tDCS protocol was administered, followed by the recording of at least 25 MEPs at 0, 5, 10, 15, 20, 25, 30, 60, 90, 120 and 240 min. Further MEP recordings were made the next morning (nm) and next evening (Fig. 1) . The experiments were performed in randomized order. The subjects were blinded for both stimulation and medication conditions, whereas the experimenter was blinded for the medication condition only.
Statistical analysis
The individual means of 25 MEP amplitudes recorded at each time point were calculated for all subjects and all conditions separately. The post-intervention mean MEP amplitudes were then normalized to the respective individual mean baseline MEP amplitude (quotient of post-intervention vs. pre-intervention MEP amplitudes (bl2 or bl3, respectively)). A separate repeated measurement ANOVA was performed on the normalized data for the MEP values of NIC plus different FLU dosages (2.5, 5 or 10 mg) and for PLC plus different dosages of FLU. Normalized MEP amplitudes were the dependent variable, including all time points up to the next evening. Medication (NIC/PLC), FLU (2.5, 5 and 10 mg of FLU/PLC) and time points were included as within-subject factors. Mauchly's sphericity test was performed and Greenhouse-Geisser correction applied when necessary. (Table 1) . To exclude differences between baseline values of different conditions, and also between first and second baseline values, an equivalence testing (TOST procedure; Walker & Nowacki, 2011) was carried out separately for the the respective MEP values and the percentage of maximal stimulator output (MSO). The defined equivalence interval for the MSO was set to 20%; for the MEP value to 10% (error probability 0.05).
Results
All participants completed the entire study. Six subjects complained about mild nausea and dizziness after NIC patch administration and additional intake of FLU. One participant experienced vomiting in the NIC-only condition. All side effects were well controlled by domperidone and subsided before the tDCS intervention. Two subjects had itching and a slight redness underneath the patch that did not interfere with the experiments. All other subjects tolerated the drugs well.
The equivalence test confirmed that the average baseline MEP values did not differ between different medication conditions and were not affected by medication ( The principal ANOVA conducted for the main experiment revealed a significant main effect for the factor time point (F 13,143 = 3.715; P = 0.0005) and significant interactions across medication and FLU (F 3,33 = 9.448; P = 0.0005) and medication × FLU time points (F 39,429 = 2.619; P < 0.0001) ( Table 3) .
Effects of calcium channel blockade on tDCS-induced excitatory plasticity
According to post hoc Fisher's LSD tests, anodal tDCS enhanced MEP values for 30 min after stimulation in the PLC medication condition (PLC patch plus PLC medication). Low dosage FLU (2.5 mg) plus PLC patch reduced the effect of anodal tDCS. A significant MEP-enhancement from baseline MEP values did not initiate before 20 min and lasted only a further 10 min.
The MEP values, however, did not differ significantly from those obtained under PLC medication at any time point. Post hoc Fisher's LSD tests further revealed that the medium dosage (5 mg) of FLU (plus PLC patch) differed significantly from other FLU dosages and the PLC medication condition. Although anodal tDCS in the PLC medication condition enhanced the MEP amplitudes compared to the baseline value, a medium dosage of FLU (5 mg) reduced the MEP values significantly at 20, 60, 90 and 240 minutes, as well as at the next morning and next evening, compared to baseline values and thus the well-known effect of anodal tDCS was reversed. The effect of 5 mg of FLU on MEP values was highly significant at 0, 5, 10, 15, 20, 25, 30, 60 and 90 min compared to PLC/PLC medication. For the highest dosage of FLU (10 mg), Fisher's LSD revealed that MEP amplitudes did not differ from baseline values after anodal tDCS stimulation. All results are shown in Fig. 2 .
Nicotinic impact on tDCS-induced plasticity under calcium-channel blockade
As revealed by Fisher's LSD, applying a NIC patch alone completely abolished the tDCS-induced excitability enhancement. MEP amplitudes after tDCS did not differ from baseline MEP amplitudes. However, combining a NIC patch with 5 mg of FLU partially re-established the tDCS-induced excitatory after-effects. The MEPs were significantly enhanced from after 15 min up to 30 min compared to the respective baseline values. MEPs in this intervention condition differed significantly from NIC without FLU at 15, 20 and 30 min after tDCS (P < 0.05). Low-dose (2.5 mg) and high-dose FLU (10 mg) did not re-establish tDCS-induced excitability enhancements. For both dosages, MEP amplitudes did not differ from the MEP amplitudes obtained under NIC alone (Fig. 3) .
Pooled time bins after anodal tDCS for NIC and different dosages of FLU (up to 30 min and from 60 min to next evening) after anodal tDCS
For the early pooled time bin (from 0 min to 30 min), the repeated measurement ANOVA revealed a significant interaction between medication (NIC/FLU) and dosage (F 3,9 = 11.083; P < 0.001). Fisher's LSD displayed significant effects of FLU at a medium dosage (5 mg) compared to the lowest applied FLU dosage (P = 0.001) and the PLC condition (P = 0.011). A dosage of 5 mg of FLU significantly converted excitability enhancements to excitability diminutions compared to the PLC and FLU 2.5 condition. For a dosage of 10 mg of FLU, a trendwise abolishing effect on tDCS-induced neuroplasticity could be detected (P = 0.105). With NIC patch administration, the effects of FLU were different from the PLC patch condition. Fishers's LSD indicated that medium-dose FLU (5 mg) re-established tDCS-induced neuroplasticity (P < 0.05), which was abolished by NIC alone (P = 0.032). Low (2.5 mg) and high (10 mg) dosages of FLU did not affect nicotinic changes in tDCS-induced plasticity (Fig. 4) .
For the later time points (from 60 min until evening), the repeated measurement ANOVA revealed no significant effects and interactions.
Discussion
The results of the present study show that NIC affects anodal tDCS-induced excitability changes and that these alterations are primarily controlled by calcium influx. Consistent with previous studies , NIC alone prevented the induction of LTP-like plasticity in healthy non-smoking participants. This effect appears to be caused at least partially by calcium overflow because the combination of NIC with a medium dosage of FLU (5 mg), a calcium channel blocker, re-established tDCS-induced LTP-like plasticity. The present study emphasizes how the impact of NIC on LTP-like plasticity depends on the calcium level. Because LTP is a physiological correlate of memory formation and learning processes, this might explain the partially heterogeneous effects of NIC in cognitive studies.
Proposed mechanisms of action
NIC is an agonist of nAChRs. NAChRs increase the intracellular calcium level directly by serving as a ligand-gated ion channel and indirectly by modulation of transmitter release, including dopamine, glutamate, GABA and noradrenaline (Alkandon et al. 1997; Summers et al. 1997; Albuquerque et al. 2009; Huang et al. 2010) . On the basis of these wide-reaching mechanisms, nicotinic effects on LTP and LTD are plausible. In animal experiments, NIC enhances LTP by activation of α7 nicotinic receptors in the dentate gyrus (Welsby et al. 2006) and facilitates NMDA-dependent LTP induction (Yamazaki et al. 2005; Prestori et al. 2013) . Because nAChRs gate the transport of calcium ions, changes in calcium concentrations driven by nAChRs are a possible explanation for these effects (Fayuk & Yakel, 2005; Zhong et al. 2013) . In humans, the results are only partially equivalent. NIC was found to prolong focal PAS-LTP-like plasticity but abolish tDCS-induced non-focal plasticity (Thirugnanasambandam et al. 2011) . The mechanisms of these focusing effects of NIC on LTP-like plasticity in humans remain to be explored. tDCS-induced LTP-like plasticity depends on NMDA receptors and calcium influx because blockade of either NMDA receptors and/or calcium channels abolishes tDCS-induced excitatory after-effects (Liebetanz et al. 2002; Nitsche et al. 2003b) . However, with an increasing calcium concentration intracellularly, non-linear dose-dependent opposing effects of calcium concentration on LTP and LTD can occur. Enhancement of intracellular calcium concentration can either induce LTD, no plasticity at all or LTP, depending on the amount of calcium enhancement. Low calcium enhancement results in LTD, whereas high calcium enhancement results in LTP. Further enhancement of calcium concentration might again abolish LTP or turn it into inhibition as a result of the counter-regulatory activation of potassium channels (Lisman et al. 2001 , Misonou et al. 2004 . Accordingly, it can be speculated that nicotinic receptor activation in the case of anodal tDCS results in a calcium enhancement too large for the induction of LTP, and thus the focusing effect of NIC on LTP would be caused by NIC-driven calcium overflow. This concept is supported by the main results of the present study, which show a dose-dependent re-establishing effect of calcium channel blockade on anodal tDCS-induced LTP-like plasticity under NIC. Specifically, adding FLU, a calcium channel blocker at a medium dosage (5 mg) to NIC exposition re-establishes facilitatory plasticity, presumably as a result of the calcium-decreasing effects of FLU that then allow LTP-induction. Lower dosages of FLU (2.5 mg) did not restore LTP-like plasticity, presumably because of an insufficient reduction of calcium influx (see explanation above). Likewise, the highest dosage of FLU (10 mg) applied in the present study did not re-establish compromised LTP-like plasticity under NIC (Figs 3 and 4) . Previous studies have already shown that 10 mg of FLU blocks tDCS-generated plasticity independent of NIC administration (Nitsche et al. 2003b) ; thus, this dosage most probably resulted in a calcium influx reduction that was too large to be compensated for by the calcium influx from nicotinic receptor activation. Re-establishment of tDCS-induced facilitatory plasticity was also accomplished with dextrometorphan, with NIC and PLC, respectively. In the PLC condition, 5 and 10 mg of FLU abolished tDCS-induced excitability enhancements, whereas 2.5 mg of FLU had no effect on plasticity. Under NIC administration, facilitatory plasticity is re-established by 5 mg of FLU, whereas NIC alone abolished tDCS-induced neuroplasticity. Low and high dosages of FLU did not affect abolished facilitatory plasticity. Each column represents the mean of baseline-normalized MEP ± 95% confidence interval until 30 min after stimulation. * Significant differences between the PLC/FLU and PLC/PLC or NIC/FLU and NIC/PLC condition (Fisher's least significant difference, P < 0.05).
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an NMDA-receptor blocker, in an earlier study (Lugon et al. 2017) . Here, similar mechanisms of action were discussed. The results of the present study suggest that the calcium level governing the focusing effect of NIC on LTP-like plasticity in humans is not solely transmitted via NMDA receptors.
Apart from this main finding of the present study, the results provide additional evidence for the calcium-concentration dependence hypothesis of plasticity. Anodal tDCS combined with different dosages of FLU alone, and thus different amounts of calcium channel blockade, resulted in non-linear neuroplastic effects. Low-dose FLU did not have a relevant impact on tDCS-induced plasticity, whereas medium dosages converted LTP-like plasticity into LTD-like plasticity. Although the low dose of FLU was probably insufficient to induce a relevant modulation of intracellular calcium, the results obtained with medium concentrations suggest that it reduces the calcium concentration from the high LTP-to the lower LTD-inducing range. The reduction of calcium concentration accomplished by high-dosage FLU might have been too large to induce any plasticity (Fig. 5 ). Although consistent with results of animal model studies, the respective conclusions are indirect at present. Taken together, the results of the present study strongly support the concept that the effects of NIC on LTP-like plasticity are calcium-dependent. The mediating impact of nicotinic receptor activation on neuronal calcium influx furthermore explains the focussing and non-linear effects of NIC on plasticity. On a functional level, it can be speculated that lacking/reduced LTP-like plasticity is linked to the deterioration of cognitive functions. A previous study by our group has reported attenuation of motor learning performance after NIC administration in non-smokers .
Limitations
Some limitations of the present study should be taken into account. Because we did not monitor calcium influx directly, the explanation of calcium-dependent nicotinic effects is hypothetical at present and remains to be explored in the future. Similar considerations apply with respect to the links to cognitive effects. Here, a systematic work-up is needed to clearly understand how NIC affects cognitive processes based on our understanding of physiological effects, including non-linearities, state-and task-dependency. Furthermore, we monitored nicotinic effects on neuroplasticity after a single dose of NIC, although we did not explore possible dose-dependent Assumed association between the changes of intracellular calcium concentration (x-axis) and induction of tDCS-induced excitability changes. Gradual enhancement of calcium concentration can either induce LTD, LTP or no plasticity. The combination of tDCS and PLC leads to LTP (black arrow alone). Additional administration of FLU in increasing doses gradually lowers intracellular calcium levels to either weaker LTP-, LTD-or no plasticity induction (black and grey arrows). The combination of tDCS and NIC leads to a calcium overflow that prevents LTP induction (black and grey arrow). Gradually decreasing calcium concentration with additional administration of FLU re-establishes tDCS-induced LTP-like plasticity in medium dosages (black and grey arrows).
effects or the impact of chronic administration. Other neuromodulators such as dopamine reveal a non-linear, dose-dependent impact on neuroplasticity, which might also be expected for NIC (Monte-Silva et al. 2010; Fresnoza et al. 2014) . This dose-dependency may play a role in NIC dependency and warrants more detailed investigation in the future.
Conclusions
The present study demonstrates that the abolishment of tDCS-induced LTP-like plasticity by administration of NIC is reversed by calcium channel blockade in a dose-dependent manner. These results suggest a key role of calcium influx and calcium levels in the nicotinic effects on LTP. The present study provides a possible explanation for the partially heterogeneous nicotinic effects (with both improvement and deterioration of performance) on various cognitive processes (Levin, 2002 , Swan & Lessov-Schlagar, 2009 . These differences might depend on the actual calcium concentration. With regard to potential clinical application, agonists of nAChRs, especially the α7 and α4β2 receptors, have already been tested as cognitive enhancing drugs (e.g. in Alzheimer animal models and schizophrenic patients) (Bitner et al. 2010; Gee et al. 2017 ). The present study suggests that substance administration and dose determination need to be carefully addressed because too high or too low calcium concentrations might compromise functions.
Future perspectives
The application of nicotinic agents in patients is still at an early stage, although initial promising steps have been taken. However, before any final conclusions can be made about the effectiveness of this therapeutic option, a thorough work-up is needed in terms of possible clinical application areas, long-term side effects, pharmacology (possible genetic polymorphisms that are related to age-dependent effects of calcium blockade) (Xu et al. 2017) and probable age-dependent effects in healthy humans and patients.
